I. INTRODUCTION
T HE DEMANDS for new telecom services requiring higher capacities and data rates have motivated the development of broad-band third-generation (3 G) wireless systems. The coexistence of second-and third-generation cellular systems requires multimode, multiband (MB), and multistandard (MS) mobile terminals. To prolong talk time, it is desirable to share and/or switch transceiver building blocks in these handsets, without degrading the performance compared to single-standard transceivers.
It is possible to share circuits when different standards do not operate simultaneously. In these situations, considerable power can be saved by using circuits that are able to trade off power consumption for performance on the fly. However, MS frontends typically use duplicate circuit blocks or even entire radio front-ends for each standard. Although this approach is simpler to implement, it is neither optimal in cost, nor in power consumption [1] . For example, a voltage-controlled oscillator (VCO) that is designed to satisfy the most stringent specifications consumes more power than necessary when operating under more relaxed conditions [2] .
Selection of the design parameters of an adaptive MS circuit is different from the design for a single standard. Therefore, an adaptive phase-noise model is introduced in this paper that accounts for a number of oscillator operating conditions and required specifications. Referring to the adaptive phase-noise model, an adaptive second-generation (2 G)/3 G VCO that satisfies the phase-noise requirements of DCS1800, wide-band code division multiple access (WCDMA), wireless local area network (WLAN), Bluetooth, and digital enhanced cordless telecommunications (DECT) standards is described in this paper. Operating from a 3-V supply, a tuning range of 1.8-2.4 GHz is realized. The VCO phase noise at 1-MHz offset in a 2.1-GHz band is 123, 110, and 103 dBc/Hz for power consumption levels of 18, 3.6, and 1.5 mW, respectively. By adapting VCO power consumption to the desired operating scenario, the phase noise of the oscillator can be tuned over a 20-dB range with a factor of 12 reduction in power consumption.
An adaptive VCO is described in Section II. After a thorough examination of the contribution of all noise sources to the phase noise of an oscillator, an adaptive phase-noise model is introduced in Section III. The design procedure of an adaptive VCO is outlined in Section IV, while measurement results and concluding comments are presented in Sections V and VI, respectively.
II. ADAPTIVE VCO
The quasi-tapped (QT) bipolar VCO [3] , shown in Fig. 1 , is used to implement the adaptive oscillator. It consists of a resonant LC tank and cross-coupled transconductor , where is the tank inductance, is the varactor capacitance, and and are the quasi-tapping capacitances. Feedback via tapped capacitors maximizes the voltage swing across the LC tank, while active devices and remain far from heavy saturation. Moreover, freedom to set the base bias voltage lower than the supply voltage allows for a large tank voltage, approaching the voltage swing of CMOS implementation.
is degenerating inductor for the tail-current source (TCS). Degeneration of the current source is necessary to minimize the phase noise contributed by the bias circuit. The oscillation signal is delivered to the measurement equipment (50-input impedance) using an on-chip open-collector buffer and an external transformer balun (TR). Buffering the output from the bases rather than the LC tank allows the buffer to share the base bias voltage, thereby eliminating output coupling capacitors. Gain of the buffer is set by the emitter-degeneration resistance . The relationships between the parameters of the oscillator are summarized as Here, and stand for the inductor and the varactor series loss resistances, for the effective tank conductance, is the quasi-tapping factor, is the small-signal conductance seen by the LC tank, is the transconductance of the bipolar transistors and is their base-emitter capacitance, is the small-signal loop gain of the oscillator, is the tail current, is the oscillation frequency, and is the thermal voltage.
III. PHASE-NOISE MODEL OF AN ADAPTIVE OSCILLATOR
Phase noise of an oscillator is defined as the ratio of the noise power in a 1-Hz bandwidth at a frequency and the carrier power (4) and stand for the total voltage and current noise spectral densities at the output of the oscillator (LC tank), is the equivalent tank impedance at an offset frequency from the resonant frequency , and is the amplitude of the voltage swing across the LC tank.
The noise sources of the QT VCO, with a TCS without degeneration, are shown in Fig. 2 . These are the tank conductance noise , the base-resistance thermal noise , the collector and the base current shot noise, and the equivalent input voltage noise of the current source transistor
and stand for the collector and base currents, is the transconductance of the transistor , and is the Boltzmann's constant.
For the estimation of the phase noise of the QT VCO, the transfer of the indicated noise sources to the LC tank must be known. Considering the transconductor as a nonlinear voltage-to-current converter (limiter) allows for the inclusion of all the noise-generating mechanisms in the oscillator. Namely, phenomena such as switching of the transconductor noise and the noise of the tail current source, both resulting in the folding of noise, can be understood.
A. Time-Varying Transfer Function
The nonlinear voltage-to-current transfer function of the transconductor and its equivalent time-varying transconductance in the presence of a large driver signal are shown in Fig. 3 [4] . As long as the limiting of the oscillation does not occur, the transfer function of an accompanying small signal has a constant value . When limiting occurs, the small-signal (e.g., noise) transfer reduces to zero. If the large-signal oscillation period is , the period of a small signal time-varying gain is . Considering the transfer from bases to the collectors of the transconductor -, the small-signal gain is . Before evaluating the contribution of the various noise sources to the phase noise of the oscillator, let us first estimate the duty cycle (Fig. 3 ) of the time-varying gain.
If is the voltage swing of the oscillation signal across the bases of the transconductor, and is the linear region of the limiter, the duty cycle of the time-varying gain can be expressed as (8) With the aid of (2), the voltage swing across the tank (a product of the tank resistance and the first Fourier coefficient of the current ) equals
Assuming a 100-mV transconductor linear region and a large loop-gain value , the duty cycle without loss of generality can be written as (10)
B. Base-Resistance Noise
The noise from the transistors and (both contributions) is switched on/off with the frequency of time-varying gain . As a consequence, noise folding occurs, i.e., noise from a number of frequencies is converted into the noise at one frequency. The harmonic components of the white base-resistance noise (multiples of ) and the components of the timevarying gain are shown in Fig. 4 .
As a result of the noise folding, the base noise at odd multiples of the oscillation frequency is converted to the LC tank at the resonance frequency, as given by the following: (11) (12) are the (complex) Fourier coefficients and is the period of the transfer function . With the aid of (2), the transferred noise density equals (13) The contribution of the base-resistance noise at the output (LC tank) now becomes (14) where and is the startup transconductance of the active devices and . This result is obtained with the aid of the equality (15) that is derived from (2).
C. Transconductor Shot Noise
By splitting the current noise sources, the collector and base current shot noise transform to the resonator as given by the following: (16) The noise sources of both transistors are active for a fraction of the period , whereas for the rest of the period, the noise sources of only one transistor are active. With the aid of (6), (10) , and (16), the contribution of the transconductor shot noise becomes (17) The same result would be obtained if switching of the shot noise is considered. Namely, the transconductor shot noise, when both transistors are active, turns on and off with the rate of the transfer function (Fig. 2 with  ) . Referring to (12) , this would lead to (17) as well.
D. Tail-Current Noise (TCN)
The harmonic components of the equivalent TCN (multiples of ) and the components of the ideal switcher are shown in Fig. 5 .
The noise of the biasing current source is modulated by the oscillator switching action. Therefore, the TCN around even multiples of the resonant frequency is folded back to the resonator noise at the oscillation frequency as given by the following:
Here, is the output noise current density of the TCS and are the (complex) harmonic components of the squarewave ( 1 ideal switch). To account for the finite switching time, a factor is added, as the tail current noise does not contribute to the phase noise when transistors and are simultaneously active. The factor originates from the active transistors load impedance . By combining (7) and (18) , and using the well-known weights of the square-wave amplitude components (19) the transferred TCN density equals (20) Finally, with the aid of (2), (15), and (20) , the contribution of the TCN to the phase noise becomes (21)
E. Oscillator Total Noise
Considered to be uncorrelated, all noise sources, viz., the tank conductance noise, base resistance noise, transconductor shot noise, and TCN add to the equivalent output noise, as given by the following:
Now, the noise factor of the oscillator is (23) From (23), it can be observed that the contribution of the TCS noise to the phase noise of the VCO (Fig. 1) is larger than all other contributions together [5] - [7] . Denoting the contribution of the active part noise and the tank resistance noise as , and the contribution of the TCN as , we can define the phase-noise difference (PND) as the ratio of the corresponding noise contributions (24) as follows: (24) Referring to (24), the PND becomes (25) The PND compares the contributions of the TCN and all other noise sources. If and (VCO design data), then for a loop gain,
. In other words, the TCS degrades the phase-noise performance of the VCO by 10.5 dB.
F. Resonant-Inductive Degeneration (RID)
Recognizing that the bias current noise at has the largest impact, RID [8] is employed to minimize the TCN contribution. The procedure relies on forming a resonance between the degenerating inductor and the base-emitter capacitance of the TCS at twice the oscillation frequency.
As the input impedance of an inductively degenerated transistor equals [9] , (26) the imaginary part is set to zero at when condition (27) is satisfied as follows: (27) Here, is the TCS transistor transit frequency, and is the real part of the impedance seen at the base of the current source transistor. Now, the transfer function of the TCS base-resistance noise (i.e., the equivalent transconductance of the RID current-source transistor) to the output current noise of the degenerated TCS at equals [9] (28)
The TCS collector-current shot noise is suppressed, while the base-current shot noise is completely transferred to the output of the current source because at the TCS transistor operates in a common base-like configuration. Combining these contributions, the total output noise density of the RID TCS becomes (29) where and stand for the TCS base-resistance and base-current noise sources. Equation (29) implies that by applying RID, the contribution of the TCN at is reduced by more than a factor of .
Referring to the example of this section, i.e., and , the applied RID results in a factor of 40 TCN suppression (VCO design data). The calculated PND reduces to 1.1 dB after the degeneration, which is an improvement of 9.4 dB. The simulations predict an improvement of 7 dB and dB [see (24)] for this low loop-gain value. For larger loop-gain values (in the current design ) and, accordingly, larger 's of the transistors, a factor of 100 bias-noise suppression is expected, making the noise contribution of the TCS almost negligible. Therefore, the noise factor of the VCO with RID of the bias TCS reduces to (30)
G. Phase-Noise Tuning Model
When the noise contributed by the bias circuit is negligible, the oscillator phase-noise performance depends on the components in the ac signal path, viz., transconductance cell and resonator. With the aid of (4), (9), (22), and (30), the adaptive phase-noise model becomes
This model is parameterized with respect to power consumption via loop gain . Unlike fixed hardware determined design parameters, the loop gain and voltage swing can be varied by changing current , shown in Fig. 1 . This allows adaptation of the oscillator phase noise to different specifications. The phenomenon is named phase-noise tuning [10] , while the figure-ofmerit describing the oscillator's adaptivity to phase noise is the phase-noise tuning range (PNTR). For a -times change in power consumption, the PNTR is defined as (32) Once the minimum and maximum attainable loop gains are known, the ranges of the power-consumption and phase-noise adaptation can be determined. For example, if and (VCO design data), (32) predicts that 17.4 dB of the phase noise can be traded for a factor of ten savings in power consumption.
IV. DESIGN FOR ADAPTIVITY
Selection of the design parameters for an adaptive multistandard oscillator is different from the design for a single standard. The design of an adaptive MS/MB VCO (i.e., DCS1800/WCDMA/WLAN-Bluetooth-DECT) will be outlined here.
The phase-noise requirements (decibels relative to a carrier/hertz at 1-MHz offset in receive modes) for five different standards are listed in Table I [11]- [15] . We will refer to the DCS1800 standard as a phase-noise demanding (PN-D) standard, to the WCDMA, WLAN, and Bluetooth standards as phase-noise moderate (PN-M) standards, and to the DECT standard as a phase-noise relaxed (PN-R) standard.
Given the phase-noise requirements listed in Table I , the phase-noise range between demanding (PN-D) and moderate (PN-R) , the PNTR increases to dB. Therefore, a PNTR of 21 dB is targeted.
Having the effects of the noise from the biasing TCS eliminating by RID (27), the minimum and maximum loop gain and tail current can be estimated from (32). Accordingly, the PNTR of 17.4 dB can be realized between the loop gain (safety startup) and . However, if is 1.5, the tuning range extends to dB. Once the maximum loop gain is known, the oscillator biasing can be determined. The choice of the base bias potential is a compromise between a large output voltage swing and saturation of transconductor devices and (Fig. 1) . For the maximum loop gain and lowest phase noise, a voltage swing of V is estimated from (9) . Further, to avoid saturation of the transistors in the active part of the oscillator, should satisfy (33) This worst case condition is derived assuming the largest base and the lowest collector potential and, therefore, insures proper operation of the transistors in the active part at all times.
V is the supply voltage, is the base-emitter voltage, and is the collector-emitter saturation voltage. For a capacitive quasi-tapping ratio , a base potential of V is finally obtained from (33).
The calculations indicate that a factor of ten reduction in power consumption can be realized between the PN-D and PN-R modes of the adaptive VCO under consideration.
A. VCO Circuit Parameters
Tank inductor nH is chosen as a compromise between low power consumption and high quality factor in the 2.1-GHz band. The inductor is fabricated using 4-m-thick aluminum top metal in a 50-GHz SiGe technology. The three-turn inductor has an outer diameter of m, a metal width of m, and a metal spacing of m. The differentially shielded symmetric inductor uses a ladder metal filling scheme, as shown in Fig. 6 [16] . This improves the peak factor by 40%, but has only a minor effect on the inductor self-resonant frequency ( around 2.1 GHz). It also satisfies the aggressive metal fill restrictions in modern very large scale integration (VLSI) backend technologies without compromising RF performance.
The quality factor of the varactor can also limit the overall tank factor in an integrated oscillator. The quality factor of the collector-base varactor is estimated at from simulation. The varactor consists of two base-collector diodes with 32 fingers, each 4-m wide and 20-m long. For a quasi-tapping ratio of , the metal-insulator-metal capacitances fF and fF are chosen. For effective suppression of the TCS noise, is set to 3.4 nH using the resonant-tuning design method outlined in Section III. The degeneration inductor is realized in the 0.85-m-thick second metal layer, as for this inductor is not of concern. The inductor outer diameter is m, metal width m, metal spacing is m, and it has seven turns. Finally, the open-collector output buffer is designed with an -linearization resistor and a bias current mA.
V. MEASUREMENT RESULTS
The chip photomicrograph is shown in Fig. 7 . It occupies an area of 700 970 m including the bondpads. Wire bonded in a 20-lead RF package, the chip is tested in a metal fixture with filtering on all bias and supply lines, as shown in Fig. 8 . On the test board, three-stage low-pass LC filters designed remove low-frequency noise originating from the power supply and bias interconnections. Heavy filtering of the supply and bias lines is needed to remove spurs from the VCO output caused by pick-up from the supply and tuning lines. This unwanted interference modulates the VCO in both phase and frequency, making accurate phase-noise measurements impossible without the employed filtering on bias lines.
For a 3-V supply, the frequency tuning range of 600 MHz (i.e., output from 1.8 to 2.4 GHz) is measured, as shown in Fig. 9 . This frequency range covers all the bands of interest.
Plots of the measured phase noise at 1-MHz offset in the 2.1-GHz mid-frequency band are shown in Fig. 10 . Due to the in the output buffer, an output signal in order of 20 dBm (maximum) is measured in a 50-system. This results in a noise floor for the phase-noise measurement of 130 dBc/Hz, as shown in Fig. 10 .
The operating conditions accompanying the measurements shown in Fig. 10 are listed in Table II . As can be seen from Table II , by adapting the bias tail current from 0.5/0.9 mA to 6 mA, a PNTR of 20 dB/15 dB is achieved. This satisfies the requirements of five different wireless standards, as desired.
Note that following the measured phase-noise slope in the range 100 kHz-1 MHz, a phase noise better than 133 dBc/Hz at a 3-MHz offset is expected, fulfilling the most stringent DCS1800 requirement (in a receive mode) at this offset as well.
The power-consumption figure-of-merit and the tuning-range figure-of-merit of the oscillator under consideration are compared with other designs from the recent literature in Table III (modulus: decibels). The adaptive VCO shows a good compromise between phase-noise and frequency-tuning performance. Referring to Leeson's phase-noise formula (34),
FOM2 appears to be a useful VCO figure-of-merit. It accounts for the frequency dependency of the phase noise, as well as the power consumption and tuning range of the oscillator, the latter related to the LC tank factor.
VI. CONCLUSION
By sharing functional blocks among different standards, adaptive MB/MS front-end circuits offer reduced complexity, power consumption, chip area, and overall cost.
The adaptive phase-noise model establishes a relationship between the oscillator performance parameters (phase noise, loop gain, voltage swing, and power consumption). A concept of phase-noise tuning is used to design an adaptive oscillator.
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